INTRODUCTION 40 41
In the productive waters that bathe continental shelves, three groups of algae with chloroplasts 42 containing chlorophyll a and chlorophyll c dominate photosynthesis: diatoms, dinoflagellates, 43 and coccolithophorids. Despite their abundance and diversity, these taxa are relative newcomers 44 to marine ecosystems (Falkowski et al., 2004) . Both conventional fossils and preserved lipids 45 suggest that in Proterozoic oceans cyanobacteria and other photosynthetic bacteria fueled 46 ecosystems, whereas cyanobacteria and green algae were major primary producers in Paleozoic 47 oceans (Knoll et primary production only at this time (Knoll et al., 2007) . The fossil record of diatoms extends 55 only to the latest Jurassic Period (Harwood et al., 2004) , and the group rose to ecological 56 prominence only in later Cretaceous and Paleogene oceans (Kooistra et al., 2007) . Similarly, the 57 oldest coccoliths occur in later Triassic rocks, and coccolithophorids became widespread only 58 during the Cretaceous Period (Bown et al., 2004) . 59
At least three classes of hypothesis are available to explain the observed stratigraphic 60 succession of primary producers. Perhaps seawater chemistry has changed through time in a 61 way that favored successive phytoplankton groups. Quigg et al. (2003) , for example, proposed 62 uptake is regulated by sulfate 118 availability itself (Yildiz et al., 1994; Pollock et al., 2005) . compound that acts as a compatible solute in many marine algae (Rhodes & Hanson, 1993) . 150
Elemental composition has been assayed for relatively few algae (e.g. Ho et al., 2003; 151 Quigg et al. 2003 151 Quigg et al. , 2011 , but data in hand suggest that chlorophyll a+c algae have lower C:S 152 than green algae and cyanobacteria (Norici et al., 2005) . Why this should be so remains 153 conjectural, although one study reported that the freshwater diatom Cyclotella meneghiniana 154 contains significantly more sulfolipid than the freshwater green alga Chlamydomonas reinhardtii 155 (Vieler et al., 2007) . To the extent that lower C:S is a general feature of chlorophyll a+c algae existed. Cells were filtered on glass fiber filters (GF/F; Whatman, Maidstone, England) and 243 transferred into 12 mL glass vials; 6 mL of ice cold 5N NaOH were added, and the vials were 244 quickly closed using screw caps with rubber septa. Samples were incubated overnight in the 245 dark, at 4 ºC (Steinke et al. 1998) . DMS generated by the alkaline hydrolysis of DMSP was 246 measured with a modification of the method described by van Bergeijk and Stal (1996) . A 25 247 µL gas aliquot was taken from the headspace of the vials using a gas-tight syringe and injected 248 showed any consistent response to increasing sulfate availability (Fig. 2) . In contrast, the 300 specific growth rates of all three chlorophyll a+c algae increased with increasing sulfate 301 availability, two of them (the dinoflagellate Protoceratium reticulatum and the coccolithophorid 302
Emiliania huxleyi) significantly (Fig. 2) . Our chlorophyll a+c species all grew most slowly in 303 the 1 mM sulfate treatment; indeed, Protoceratium reticulatum did not grow at all. All showed 304 improved growth at 5 mM, and two, P. reticulatum and E. huxleyi, grew faster still at 10 mM. 305
No increase in growth rate was observed at sulfate abundances above 10 mM. Thus, these 306 species showed increased growth up to the sulfate levels experienced by their early ancestors, but 307 not beyond that level. Consistent with these results, non-photochemical quenching, a 308 physiological measure of stress (sensu lato), is most pronounced in the chlorophyll a+c species 309 grown at low [SO ] ; these data are reported as Supplementary 293
Information. One parameter that does show significant variation is specific growth rate (μ = 294 proportional increase in biomass per day during exponential growth phase). Barton et al. (2010) 295 argue that high growth rate is the most appropriate measure of organismic fitness in 296 phytoplankton. Certainly, differential growth rate is a property we need to track in experimental 297 tests of evolutionary hypotheses. 298 show no variation in C:S with increasing sulfate abundance, whereas the three chlorophyll a+c 312 algae (especially P. reticulatum) do (Fig. 3) (Fig. 3) . 316 318 Experiment 2: Sulfate availability and microalgal growth in the presence of a grazer 319
320
In actual oceans, predation can exert a strong influence on net growth rates. To examine 321 whether the growth relationships observed in our first experiment are robust when grazers are 322 present, we ran the experiment again, but with a ciliate, Euplotes sp., present. Our dinoflagellate, 323 P. reticulatum, formed a protective cyst upon introduction of the ciliate predator and so was not 324 considered further. Also, rates of predation on E. huxleyi outstripped growth rate, in time 325
eliminating the algal population. Thus, we were only able to compare our cyanobacterium, green 326 alga and diatom across the full spectrum of sulfate abundances (Fig. 4) Fig 4) . Except at the lowest sulfate level, T. suecica grown with the ciliate had a C 335 quota (amount of carbon per cell) about twice that of cells grown in pure culture (Fig. 3) . As cell 336 volume is unchanged in these treatments (Supplementary Information), the amount of organic 337 material per cell must be higher in cells subject to grazing. C:S did not vary among treatments 338 for our experimental green alga (Fig. 3) together. Under culture conditions designed to emulate present day seawater ("modern" in Table  352 1 and Figs. 5 and 6), our diatom species not only had the highest growth rates in axenic culture, 353 but also the highest growth rate in mixed culture, identifying it as the best competitor under the 354 specified culture conditions. 355 Table 1 , our Paleozoic treatment differs from present day conditions in 362 having lower sulfate (14 mM) and higher P CO2 (2500 ppm); the Proterozoic treatment has still 363 lower sulfate (3 mM), higher P CO2 Most species exhibited higher growth rates under the two "ancient" seawater conditions, 366 although not always significantly so (Fig. 5) . T. weissflogii doubled its specific growth rate in 367 the Proterozoic treatment, perhaps as a function of iron availability. Growth of P. reticulatum We observed a number of responses when the species were grown in mixed rather than 374 pure culture. T. suecica showed the same pattern of differential growth among treatments as in 375 the pure culture experiment, but at lower absolute specific growth rates. In mixed culturewould have predicted; this may be a direct response to the growth of T. weissflogii, which 378 showed a much higher growth rate in mixed culture than would be predicted from the pure 379 culture experiments. Evidently, T. weissflogii is a superior competitor in our modern seawater 380 experiment. P. reticulatum did not grow at all in the mixed cultures. 381
Whereas our diatom grew faster than other species in the mixed culture experiment in 382 modern seawater, consistent with diatom prominence in present day primary production, our 383 green alga outgrew the other taxa in Paleozoic seawater. Our cyanobacterium grew best in 384
Proterozoic seawater, but, as in all other treatments, grew more slowly than the two algal species 385 in the mixed culture. 
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